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Abstract
Objective: Heightened inflammation, dysregulated immunity, and thrombotic events 
are characteristic of hospitalized COVID- 19 patients. Given that platelets are key reg-
ulators of thrombosis, inflammation, and immunity they represent prime candidates 
as mediators of COVID- 19- associated pathogenesis. The objective of this study was 
to understand the contribution of severe acute respiratory syndrome coronavirus 2 
(SARS- CoV- 2) to the platelet phenotype via phenotypic (activation, aggregation) and 
transcriptomic characterization.
Approach and Results: In a cohort of 3915 hospitalized COVID- 19 patients, we ana-
lyzed blood platelet indices collected at hospital admission. Following adjustment for 
demographics, clinical risk factors, medication, and biomarkers of inflammation and 
thrombosis, we find platelet count, size, and immaturity are associated with increased 
critical illness and all- cause mortality. Bone marrow, lung tissue, and blood from 
COVID- 19 patients revealed the presence of SARS- CoV- 2 virions in megakaryocytes 
and platelets. Characterization of COVID- 19 platelets found them to be hyperreactive 
(increased aggregation, and expression of P- selectin and CD40) and to have a distinct 
transcriptomic profile characteristic of prothrombotic large and immature platelets. 
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1  |  INTRODUC TION

The severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV- 2) is responsible for the coronavirus disease (COVID- 19) 
global pandemic. COVID- 19 is a complex disease with a broad 
spectrum of clinical presentations, ranging from asymptomatic 
to severe respiratory failure with multi- organ failure and death. 
Microvascular thrombosis of the pulmonary vasculature and other 
vascular beds is frequently observed in COVID- 19.1,2 Patients in-
fected with SARS- CoV- 2 are at heightened risk for both venous 
and arterial thrombosis, which further contribute to organ failure 
and all- cause mortality.3,4 Autopsy and clinical data from our group 
and others highlight the role of megakaryocytes and platelets in 
the pathogenesis of COVID- 19.1,5,6

Thrombocytopenia is a common laboratory abnormality in 
 critically ill patients7 and is associated with poor clinical outcomes, 
including death.7,8 Thrombocytopenia has been reported in patients 
hospitalized with COVID- 19, and lower platelet counts are associ-
ated with worse clinical outcomes.9 A meta- analysis of 31 stud-
ies with 7613 participants noted a lower platelet count in severe 
COVID- 19 infection and was associated with a 3- fold increase in 
the risk of developing severe COVID- 19.10 However, there is uncer-
tainty on the different cut- offs of platelet count in COVID- 19 and 
the platelet count trajectory during hospitalization.

Other indices of platelets, including platelet size and platelet 
maturity, are associated with increased platelet activity and clinical 
events.11– 13 Larger platelets are more metabolically active and have 
a greater prothrombotic potential,14 with increased mean platelet 
volume (MPV) associated with increased morbidity and all- cause 
mortality.15 Immature platelet fraction (IPF) reflects the number of 
circulating young platelets, and increased IPF is associated with mor-
bidity and mortality in multiple disease states.16– 18

Platelets are shed into circulation by megakaryocytes, and 
during this process, megakaryocytes distribute their transcrip-
tome into platelets. Once in the circulation, platelets can re-
spond to local and systemic conditions and affect other cell 
types, including monocytes and endothelial cells.19– 21 Platelet 
activity is associated with the platelet ribonucleic acid (RNA) 

expression profiles, and platelet- viral interactions alter the 
platelet transcriptome.22 Consistent with increased platelet 
activity (increased P- selectin and PAC- 1 (activated GP IIb/
IIIa) expression), one study reports that platelets isolated from 
COVID- 19 patients are hyperreactive and have an altered 
transcriptomic signature compared to disease- free controls.6 
Several genome- wide association studies (GWAS) have iden-
tified genetic regulators of platelet count and platelet size.23 
In addition, recent studies have found that platelet immatu-
rity has a distinct platelet transcriptome.24,25 Thus, transcrip-
tomic profiling of platelets isolated from patients infected with 
SARS- CoV- 2 may provide insight into platelet count, size, and 
maturity during COVID- 19.

In this study, we analyzed platelet indices from the complete 
blood count (CBC) data from NYU Langone Health (NYULH), 
a multihospital health system in New York City, to investigate 
platelet indices at presentation and trajectory during hospitaliza-
tion. Following adjustment for demographics, clinical risk factors, 
medication use, and biomarkers of inflammation and thrombosis, 
platelet count, size, and immaturity are all associated with in-
creased critical illness and all- cause mortality. Additionally, we 
demonstrate SARS- CoV- 2 present in platelets of hospitalized 
COVID- 19 patients and provide evidence that COVID- 19 platelets 
are reprogrammed toward a prothrombotic phenotype. In vitro 
studies with megakaryocytes highlight that the transcriptomic 
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In vitro mechanistic studies highlight that the interaction of SARS- CoV- 2 with mega-
karyocytes alters the platelet transcriptome, and its effects are distinct from the coro-
navirus responsible for the common cold (CoV- OC43).
Conclusions: Platelet count, size, and maturity associate with increased critical illness 
and all- cause mortality among hospitalized COVID- 19 patients. Profiling tissues and 
blood from COVID- 19 patients revealed that SARS- CoV- 2 virions enter megakaryo-
cytes and platelets and associate with alterations to the platelet transcriptome and 
activation profile.
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ESSENTIALS

• Thrombosis, inflammation, and dysregulated immunity 
are characteristic of hospitalized COVID- 19 patients.

• COVID- 19 hospital admission platelet count, size, and 
maturity associate with critical illness and mortality.

• COVID- 19 platelets are hyperreactive and have a unique 
transcriptomic profile.

• Anti- platelet therapy use in hospitalized COVID- 19 
 patients may reduce adverse clinical outcomes.
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reprogramming mediated by SARS- CoV- 2 is distinct from the 
coronavirus responsible for the common cold (CoV- OC43). Our 
findings support investigating the use of anti- platelet therapy in 
COVID- 19 patients.

2  |  MATERIAL S AND METHODS

The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

2.1  |  Study population

We identified adults age ≥18 years with a positive real- time 
polymerase chain reaction (RT- PCR) COVID- 19 test between 
March 1, 2020 and June 26, 2020 who were admitted to NYULH. 
Patients hospitalized with a positive PCR test for COVID- 19 were 
eligible for this retrospective, observational study if ≥1 CBC was 
measured during hospital admission (n = 3915). Follow- up was 
complete through June 26, 2020. Identifiable patient- level data 
from this project are not available to the public. The study was 
approved by the NYU Grossman School of Medicine Institutional 
Review Board (IRB) and performed with a waiver of informed 
consent.

2.2  |  Data collection

Data were obtained from the electronic health record (Epic Systems), 
which is an integrated electronic health record (EHR), including all in-
patient and outpatient visits in the health system.

At all four NYULH inpatient facilities, routine CBC for individuals 
with suspected or confirmed diagnoses of COVID- 19 was included 
in COVID- 19- - specific admission order sets in the EHR at the time 
of hospital admission. At all NYULH sites, CBC assay was measured 
using SysmexR XN- Series of automated hematology analyzers (TOA 
Medical Electronics). The initial platelet indices and all platelet indi-
ces measured during hospital admission were recorded for all eligible 
patients. The measures analyzed were platelet count, mean platelet 
volume (MPV), and IPF (%).

The platelet count was stratified into low (thrombocytopenia; 
<149 × 109/L), normal (150– 400 × 109/L), and high (>401 × 109/L). 
We conducted sensitivity analyses using different severities 
of thrombocytopenia (<49 × 109/L, 50– 100 × 109/L, and 101– 
150 × 109/L). Both MPV and IPF were stratified into tertiles based 
on values obtained at baseline.

2.3  |  Study endpoint & variables

Demographic variables included age, sex, race/ethnicity (de-
fined as non- Hispanic White, non- Hispanic Black, Hispanic, 

Asian, multiracial/other, and unknown), smoking status, and 
body mass index (BMI). Pre- existing comorbidities included hy-
pertension, hyperlipidemia, coronary artery disease (CAD), heart 
failure, diabetes, chronic kidney disease, and atrial fibrillation. 
Prior medication information included statins, beta- blockers, 
angiotensin- converting enzyme inhibitor (ACE- I) or angiotensin 
receptor blocker (ARB), and oral anticoagulants. Critical illness 
was defined as mechanical ventilation or transfer to the inten-
sive care unit.

2.4  |  Statistical analysis

Continuous variables are shown using mean (standard deviation 
[SD]) and median (interquartile range [IQR]) and compared using 
the non- parametric Kruskal- Wallis test for all non- normally dis-
tributed data. Categorical variables are reported as frequency 
rates and percentages and compared by Chi- square tests. The 
longitudinal trajectory of the platelet indices was created using 
polynomial regression fitting, and are plotted per day of hospitali-
zation within 28 days of admission. Analyses were performed with 
and without imputation using the mean of all the labs collected 
within 28 days of admission. Trajectory plots were stratified by 
death and critical illness.

Logistic regression models were generated to estimate the 
odds of the study endpoints, adjusted for demographics, clinical 
 comorbidities, vital signs at presentation, and baseline medications. 
Covariates in the multivariable models included age; sex; race; BMI; 
tobacco use; race- ethnicity; hypertension; hyperlipidemia; chronic 
kidney disease; prior heart failure; asthma or chronic obstructive 
pulmonary disease; CAD; cancer; diabetes; temperature; SpO2; 
and initial laboratory results for lymphocyte count, ferritin and 
 C- reactive protein (CRP), D- dimer, creatinine, troponin, and procalci-
tonin. Statistical analyses were performed using statistical software 
R (R Foundation for Statistical Computing), with packages ggplot2, 
and base R. Statistical tests are two- sided, and P- values <.05 were 
considered statistically significant.

2.5  |  Platelet RNA sequencing

2.5.1  |  Population

A cohort of eight hospitalized COVID- 19 patients (n = 8) were re-
cruited from NYULH between May 11 and 21, 2020. SARS- CoV- 2 
infection was confirmed by RT- PCR, in accordance with current stand-
ards. All COVID- 19 patients and control donors were recruited under 
study protocols approved by the NYULH IRB. Each study participant 
or their legal authorized representative gave written informed consent 
for study enrollment in accordance with the Declaration of Helsinki. 
For COVID- 19 patients, enrollment criteria included age greater than 
18, hospital admission, positive SARS- CoV- 2 testing, and informed 
consent. COVID- 19 patients were monitored until discharge or death.
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2.5.2  |  Platelet isolation

After an initial 2 cc discard, blood was collected into tubes containing 
3.2% sodium citrate. Blood was allowed to rest for 10 min prior to 
isolation of platelet rich plasma by centrifugation at 200 g for 10 min. 
Platelets were isolated and purified by incubation with microbeads 
to deplete leukocytes and red blood cells (EasySep™ Human CD45 
Depletion Kit II and EasySep™ RBC Depletion Reagent). Isolated plate-
lets lysed in 500 uL of trizol and stored at −80°C. RNA was isolated 
with Direct- zol RNA microspin columns (Zymo Research), and qual-
ity and quantity were determined with a Bioanalyzer 2100 (Agilent 
Technologies). Sequencing libraries were barcoded and prepared using 
the Clontech SMART- Seq HT with Nxt HT kit (Takara Bio USA), and 
libraries sequenced single end on a Illumina NovaSeq 6000.

2.5.3  |  Data processing

Refer to Appendix S1 in supporting information. Data are accessible 
via GSE176480.

2.5.4  |  Megakaryocyte and SARS- CoV- 2 and 
 CoV- OC43 treatment

Refer to Appendix S1.

2.5.5  |  Primary megakaryocyte culture and 
flow cytometry

Purified peripheral blood CD34+ cells were obtained from the New York 
Blood Center. Cells were cultured in StemSpan SFEM II (Stem Cell) sup-
plemented with stem cell factor (100 ng/ml, R&D Systems) and throm-
bopoietin (TPO, 50 ng/ml, R&D Systems) for 5 days. Cells were cultured 
with 50 ng/ml TPO only from days 5– 11. On day 11, surface expression 
of ACE2, CD147, DC- SIGN, L- SIGN, CLEC10A, CLEC4G, and ASGR1 
was determined by flow cytometry. DC- SIGN (Bioglend, Cat # 330106), 
L- SIGN (eBioscience, Cat # 17– 2999– 42), CLEC10A (Biolegend, Cat 
# 354705), and CLEC4G (R&D Systems, Cat # FAB2947A) antibodies 
were conjugated to APC, CD147 (Biolegend, Cat # 306212) was conju-
gated to PE and used at a final concentration of (1:100). ACE- 2 (Novus, 
Cat #NBP2- 80038) and ASGR1 (R&D Systems, Cat # MAB4394) an-
tibodies were incubated with the cells at 1:100, prior to washing and 
staining with a mouse- anti- APC secondary (1:100), prior to analysis. 
Flow cytometry was performed on a Miltenyi MACSquant 10.

2.5.6  |  Megakaryocyte and platelet 
immunohistochemistry, transmission electron 
microscopy, and in situ hybridization

Refer to Appendix S1.

2.5.7  |  Platelet aggregation

After an initial 2 cc discard, blood was collected into tubes containing 
3.2% sodium citrate. Blood was allowed to rest for 10 min prior to 
isolation of platelet rich plasma by centrifugation at 200 g for 10 min.

Aggregation was measured using a light transmission aggregom-
etry (Helena AggRAM) in response to ADP (1 µM), epinephrine 
(0.1 µM), and collagen (0.2 µM) at 37°C under stirred conditions as 
previously described.26

3  |  RESULTS

3.1  |  Admission platelet indices (count, size, and 
maturity) associate with increased critical illness and 
all- cause mortality

Biomarkers of platelet activation associate with critical illness and 
death in patients with COVID- 19,5 and viruses are known to directly 
influence platelet count and size.27,28 To investigate the consequence 
of SARS- CoV- 2 infection on platelet count, size, and maturity, and 
the outcomes of critical illness and death, we analyzed CBCs col-
lected from 3915 patients hospitalized with COVID- 19 within the 
NYULH system between March 2, 2020 and June 25, 2020. The me-
dian age was 65 years (IQR, 53– 77), 42.9% were female, and 36.8% 
were White. A total of 1678 (38.5%) had diabetes, 580 (13.3%) had 
cancer, and 994 (22.8%) had CAD (Table 1). Overall, 1415 (36%) ex-
perienced critical illness, and 948 (29%) were discharged to hospice 
or died at a median of 10 (IQR, 5– 22) days after hospital admission.

Among 3915 patients with platelet count data at hospital presen-
tation, 2894 (73%) had a normal platelet count (150– 400 × 109/L), 
795 (20%) had thrombocytopenia (<150 × 109/L), and 226 (7%) 
had an elevated platelet count (>400 × 109/L). Patients with lower 
platelet counts were older; more likely to be male; and more likely 
to have comorbidities, including chronic kidney disease, CAD, and 
heart failure (Table S1 in supporting information). Critical illness and 
all- cause mortality were increased in patients with thrombocytope-
nia (Figure 1A). Compared to those with a normal platelet count, pa-
tients with thrombocytopenia were more likely to experience critical 
illness (adjusted odds ratio [adjOR] 1.4, 95% confidence interval [CI] 
1.1– 1.7, P = .0002) and all- cause mortality (adjOR 1.6, 95% CI 1.3– 1.9, 
P = .0002, Figure 1A). When thrombocytopenia was further strat-
ified into severe <50 × 109/L, moderate 50– 100 × 109/L, and mild 
100– 150 × 109/L, the association between platelet count and ad-
verse events was most pronounced in subjects with a platelet count 
<50 × 109/L (Table S2 in supporting information). Interestingly, there 
was a trend toward less critical illness in those with elevated platelet 
counts >400 × 109/L, but this did not reach statistical significance 
compared to a normal platelet count (adjOR 0.75, 95% CI 0.53– 1.05, 
P = .10). Platelet count trajectory by critical illness and all- cause 
mortality is presented in Figure 2A and Figure S1 in supporting infor-
mation. Platelet count increased during the course of hospitalization 
and peaked at approximately 8 days into hospitalization.
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Median MPV was 10.5 fL (IQR, 9.9– 11.2). When stratified into 
tertiles, patients with a higher MPV were older; more frequently 
African American; and more likely to have CAD, diabetes, and 
heart failure (Table S3 in supporting information). Critical illness 
and all- cause mortality were highest in patients with a higher MPV 
(Figure 1B). After adjustment for demographics, comorbidities, prior 
medications, and baseline laboratory values, patients in the highest 

MPV tertile had higher odds of critical illness (adjOR 1.5, 95% CI 
1.3– 1.8) and all- cause mortality (adjOR 1.3, 95% CI 1.1– 1.5) com-
pared to lowest MPV tertile (Figure 1B). Because MPV inversely cor-
relates with platelet count, we excluded subjects with a low platelet 
count in a sensitivity analysis and found that subjects in the highest 
MPV tertile had higher odds of critical illness and all- cause mortal-
ity (Figure S2A– B in supporting information). The trajectory of MPV 
during hospitalization stratified by critical illness and all- cause mor-
tality is presented in Figure 2B. In contrast to patients without an 
event, MPV increases in patients who were critical ill or died.

Immature platelet fraction (IPF) was collected beginning on April 
23, 2020, and was available for 427 patients. Median IPF was 7.4% 
(IQR, 4.9– 10.5). Stratified into tertiles, there were no significant dif-
ferences between the three tertiles in age or comorbidities (Table S4 
in supporting information). Critical illness was more common in pa-
tients with the highest IPF tertile; however, mortality was not sig-
nificantly different between groups (Figure 1C). After adjustment 
for demographics, comorbidities, prior medications, and baseline 
laboratory values, patients belonging to the highest tertile of IPF had 
higher odds of critical illness (adjOR 2.4, 95% CI 1.4– 4.2) and a trend 
toward death (adjOR 2.1, 95% CI 0.9– 5.0) versus the lowest tertile 
(Figure 1C). After excluding individuals with a low platelet count in 
a sensitivity analysis, subjects in the highest IPF tertile had higher 
odds of critical illness (Figure S2A– B). The trajectory of IPF during 
hospitalization stratified by critical illness and all- cause mortality is 
presented in Figure 2 and Figure S1.

3.2  |  Megakaryocytes actively internalize 
SARS- CoV- 2

In the setting of viral infections, platelets can internalize viral par-
ticles, including influenza, human immunodeficiency virus (HIV), 
hepatitis C virus, and dengue, resulting in platelet activation.27,29 To 
explore the interaction between SARS- CoV- 2 and platelets, we first 
assessed whether megakaryocytes, the precursor of platelets, can 
internalize SARS- CoV- 2. Autopsy data from COVID- 19 patients re-
vealed megakaryocytes in the bone marrow, with morphology con-
sistent with active platelet production (Figure 3A). Furthermore, in 
one autopsy in which the bone marrow was examined within 10 days 
of COVID- 19 symptom onset, megakaryocytes with SARS- CoV- 2 
engulfed virions were found (Figure 3B). Additionally, by in situ hy-
bridization, we find evidence of replicating SARS- CoV- 2 within a 
lung megakaryocyte from a deceased COVID- 19 patient (Figure S3 
in supporting information).

Consistent with the observation in megakaryocytes and a 
previous report in platelets,30 we find viral particles present in 
approximately 39% of circulating platelets from three COVID- 19– 
positive patients, indicative that SARS- CoV- 2 is either transferred 
from megakaryocytes to platelets or actively engulfed by circulat-
ing platelets (Figure 3C, Table S5 in supporting information). The 
presence of SARS- CoV- 2 in platelets did not appear to alter their 
morphology (Table S6 in supporting information). In further support 

TA B L E  1  Population characteristics

Overall population
(n = 3915)

Age, median (IQR) 64 (52– 77)

Sex

Female, n (%) 1544 (42.9)

Race

White, n (%) 1576 (40.2)

African American, n (%) 580 (14.8)

Hispanic, n (%) 837 (21.4)

Asian, n (%) 277 (7.1)

Other, n (%) 456 (11.6)

Unknown or declined, n (%) 189 (4.8)

Comorbidities

BMI, median (IQR) 28.4 (25– 33)

Asthma or chronic obstructive pulmonary 
disease, n (%)

1045 (26.7)

CKD, n (%) 1023 (26.1)

Coronary artery disease, n (%) 968 (24.7)

Current smoker, n (%) 203 (5.2)

Diabetes, n (%) 1635 (41.8)

Hyperlipidemia, n (%) 2164 (55.3)

Hypertension, n (%) 2683 (68.5)

Malignancy, n (%) 536 (13.7)

Congestive heart failure, n (%) 756 (19.3)

Vitals

Temperature oC, median (IQR) 37.1 (36.8– 37.6)

SpO2%, median (IQR) 95 (93– 97)

Labs

C- reactive protein mg/L, median (IQR) 109 (51.7– 171)

D- dimer ng/ml, median (IQR) 402 (243– 766)

Lymphocytes 103/ul, median (IQR) 0.9 (0.6– 1.3)

Creatinine mg/dL, median (IQR) 0.98 (0.80– 1.39)

Ferritin ng/ml, median (IQR) 709 (333– 1406)

Troponin I ng/ml, median (IQR) 0.03 (0.02– 0.1)

Procalcitonin ng/ml, median (IQR) 0.14 (0.06– 0.40)

Platelet indices

Platelet count 103/ul, median (IQR) 205 (159– 267)

Mean platelet volume fL, median (IQR) 10.5 (9.9– 11.2)

Immature platelet fraction %, median (IQR) 3.3 (2.1– 5.0)

Abbreviations: BMI, body mass index; CKD, chronic kidney disease; 
IQR, interquartile range.
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F I G U R E  1  Critical illness and all- cause mortality stratified by platelet count, mean platelet volume (MPV; fL), and immature platelet 
fraction (IPF; %). A, Stratification based on low, normal, and elevated platelet count at hospital presentation and adjusted odds ratio for 
critical illness and all- cause mortality based on platelet count. B, Stratification based on tertile of MPV at hospital presentation and adjusted 
odds ratio for critical illness and all- cause mortality based on MPV. C, Stratification based on tertile of IPF at hospital presentation and 
adjusted odds ratio for critical illness and all- cause mortality based on IPF. Covariates in the multivariable models included age, sex, race, 
body mass index, tobacco use, race- ethnicity, hypertension, hyperlipidemia, chronic kidney disease, prior heart failure, asthma or chronic 
obstructive pulmonary disease, coronary artery disease, cancer, diabetes, temperature, SpO2, and initial laboratory results for lymphocyte 
count, ferritin and C- reactive protein, D- dimer, creatinine, troponin, and procalcitonin

A B C

F I G U R E  2  Trajectory of platelet indices during 28 days of hospitalization for patients with and without critical illness and all- cause mortality. 
A, Platelet count trajectory, (B) mean platelet volume (MPV) trajectory, and (C) immature platelet fraction (IPF) trajectory.  Yes = yes critical 
illness or all- cause mortality, No = no critical illness or all- cause mortality

A B C
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of viral entry, exposure of Meg01 cells with authentic SARS- CoV- 2 
for 6 h results in the detection of SARS- CoV- 2 RNA (Figure 3D– E). 
Conversely, Meg01 exposure with a coronavirus responsible for the 
common cold (CoV- OC43)31 does not lead to detectable levels of 
CoV- OC43 mRNA (data not shown).

To understand the mechanism by which megakaryocytes take 
up SARS- CoV- 2 several potential entry receptors of SARS- CoV- 2 
were profiled: ACE2, DC- SIGN, L- SIGN, CLEC10A, CLEC4G, CD147 
and ASGR1.32 At the level of the platelet transcriptome, only CD147 
was found to be expressed (Figure 3F), and consistent with this, only 
CD147 was found to be expressed on the surface of primary mega-
karyocytes (Figure 3G, Figure S4 in supporting information).

3.3  |  Platelets from COVID- 19 patients are 
hyperreactive and have a unique transcriptome

Because platelets are affected by viral entry,33 we recruited a cohort 
of eight hospitalized COVID- 19 patients and ten age, sex, and race/
ethnicity controls with similar risk factor profiles (demographics in 
Table S7 in supporting information). While platelet count was similar 
between the groups, MPV was increased in subjects with COVID- 19 
(Figure 4A– B). Platelet aggregation in response to submaximal plate-
let agonists (ADP, 1 uM; epinephrine, 0.1 uM; and collagen, 0.2 uM) 
revealed that platelets from COVID- 19 patients were hyperreactive 
compared to controls (Figure 4C– D). However, in our cohort, we 

found a degree of heterogeneity associated with platelet count and 
activity within the COVID- 19 population.

To investigate the potential mechanism(s) as to how SARS- 
CoV- 2 may alter the platelet phenotype, we performed RNA se-
quencing of RNA isolated from highly purified platelets26 from eight 
COVID- 19 patients and ten age, sex, and race/ethnicity controls 
without COVID- 19. Principal component analysis demonstrates a 
clear separation in the platelet transcriptomic profile of platelets iso-
lated from subjects with COVID- 19 versus controls (Figure 5A). We 
analyzed the platelet transcriptomic data using DESeq234 and found 
2049 discriminating transcripts (Padj <.05; 1078 upregulated [log2FC 
>1] and 971 downregulated [log2FC < −1]) between the COVID- 19 
patients and controls (Figure 5B– C). Congruent with a previous re-
port,6 we find a significant overlap between platelet transcripts dif-
ferentially regulated in our COVID- 19 New York cohort compared 
to a COVID- 19 patient population in Utah (R = 0.86, P = 2.2 × 10−16, 
Figure S5A in supporting information). Of note, in our cohort, the 
COVID- 19 platelet transcriptome was not found to be very different 
between those who survived (n = 3) versus those who died (n = 5; 
35 DE transcripts adjusted P- value <.05 |log2fc| >1). Additionally, 
alterations to the platelet transcriptome are largely independent 
of aspirin use (Figure S5B). To investigate the direct viral effect on 
the platelet phenotype, megakaryocytes were exposed to SARS- 
CoV- 2 and CoV- OC43. Incubation of Meg01 cells with SARS- CoV- 2 
resulted in a significant increase in the proinflammatory transcripts 
previously identified in our study and the Utah cohort, LGALS3BP 

F I G U R E  3  Severe acute respiratory syndrome coronavirus 2 virions are present in both megakaryocytes and platelets of COVID- 19 
patients. A, H&E staining and CD61 immunohistochemistry of bone marrow of a COVID- 19 patient. B, Transmission electron microscopy 
of bone marrow of a COVID- 19 patient, identified SARS- CoV- 2 viruses are circled in red. C, Transmission electron microscopy of platelets 
from three COVID- 19 patients; dash frame is enlarged area of corresponding image. D, Amplification plots of SARS- CoV- 2- specific real- time 
quantitative polymerase chain reaction (RT- qPCR) of Meg01s treated with media control (n = 2) or SARS- CoV- 2 (n = 3) for 6 h. E, SARS- CoV- 
2- - specific RT- qPCR of Meg01s treated with media control (n = 2) or SARS- CoV- 2 (n = 3) for 6 h at 37°C. F, Expression of ACE2, CD147, DC- 
SIGN, L- SIGN, CLEC10A, CLEC4G, and ASGR1 mRNA in platelets from COVID- 19 patients and matched controls as determined by RNASeq. G, 
Surface expression of CD147 as determined by flow cytometry of CD34±derived megakaryocytes. Data are expressed as mean ± standard 
error of the mean, ****P < .001
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and S100A9, relative to vehicle- treated cells (Figure 5D, red bars). 
Conversely, exposure to CoV- OC43 did not result in changes to 
LGALS3BP and S100A9 mRNA transcription (Figure 5D, blue bars), 

indicating that direct SARS- CoV- 2- megakaryocyte interactions can 
induce our observed COVID- 19 platelet signature transcriptome. 
Notably, CD147 antibody- mediated blocking significantly reduced 
the expression of SARS- CoV- 2, S100A9, and S100A8 on megakaryo-
cytes following incubation with SARS- CoV- 2 (Figure S6A– C in sup-
porting information). These data indicate that megakaryocytes and 
platelets actively take up SARS- CoV- 2 virions, likely via an ACE- 2- 
independent mechanism.

Gene set enrichment analysis (GSEA) of Hallmark pathways found 
that platelets from COVID- 19 patients are enriched in metabolic 
pathways, including oxidative phosphorylation, fatty acid metabo-
lism, and glycolysis, in addition to enrichment of the apical junction 
pathway (Figure 5E). Additionally, enrichment in the platelet degran-
ulation pathway was found by gene ontology analysis (Figure S7 in 
supporting information). Using weighted correlation network anal-
ysis (WGCNA),35 eigengene values were derived to represent the 
relative coexpression of gene sets on a per- sample basis. Comparing 
the eigengene values of these genesets between platelets from 
COVID- 19 patients and controls, the platelet metabolic pathways 
and the apical junction pathway were enriched in COVID- 19 plate-
lets, and tumor necrosis factor alpha (TNFα) and KRAS signaling 
significantly decreased (Figure 5F). To understand the relationship 
between the transcriptional changes and the increased platelet ac-
tivity seen in patients with COVID- 19, we correlated each subject’s 
eigengene score with their platelet aggregation to ADP, epinephrine, 
and collagen. The resulting correlations demonstrate that differen-
tial expression of these specific metabolic pathways is directly asso-
ciated with an increased platelet response to stimulus (Figure 5G).

3.4  |  The COVID- 19 platelet transcriptome is 
characterized by genes linked to platelet count, 
size, and immaturity

Because platelet count, size, and maturity were associated with 
adverse outcomes; we used our transcriptomic data to shed light 
on platelet indices in COVID- 19. To identify potential mediators of 
platelet count and platelet size mediated by SARS- CoV- 2, we com-
pared our RNA- seq results to previously published GWAS focused 
on platelet count and activity.23 Of the 44 genes previously identi-
fied to regulate platelet count, 16 were differentially expressed (padj 
<.1) in platelets isolated from COVID- 19 patients relative to controls 
(Figure 6A). Glucokinase regulator (GCKR) was enriched in platelets 
of COVID- 19 patients, and flap structure- specific endonuclease 1 

F I G U R E  4  Platelets from COVID- 19 patients are hyperreactive. 
A, Platelet count, (B) mean platelet volume (MPV) in a cohort of 
eight COVID- 19 patients and nine controls. C, Representative light 
transmission aggregometry (LTA) plots following platelet exposure 
to ADP (1 uM), epinephrine (0.1 uM), collagen (0.2 uM), and (D) 
quantification of platelet aggregation in controls and COVID- 19 
patients. Data are expressed as mean ± standard error of the mean, 
n = 6- 9/grp, * P < .01, **P < .005
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(FEN1) was suppressed relative to platelets from control subjects. 
Among the 30 genes previously identified to regulate MPV, 15 
were differentially expressed (padj <.1) in COVID- 19 versus con-
trols (Figure 6B). Coagulation factor II thrombin receptor (F2R), 
phosphatidylinositol- 4,5- bisphosphate 3- kinase catalytic subunit 
gamma (PIK3CG), and ring finger protein 145 (RNF145) were the 
top differentially expressed transcripts in platelets from COVID- 19 
patients that have previously been identified to regulate platelet 
size. Within the COVID- 19 cohort, five patients subsequently died. 
We found genes differentially regulated in COVID- 19 versus con-
trols that regulate platelet count and size to be the same compar-
ing COVID- 19 patients who later died to controls (Figure 6A– B). 
Treatment of Meg- 01 cells with SARS- CoV- 2 leads to a significant in-
crease in the expression of GCKR, BAZ2A, and ITPK1 (Figure 6C, red 
bars), indicating that direct viral- - megakaryocyte interactions may 
influence the expression of transcripts linked to platelet count and 
size. Conversely, no such change is observed following the treatment 
of Meg- 01s with an alternative coronavirus, CoV- OC43. Altogether, 
these data suggest that SARS- CoV- 2 modulates platelet count and 
size by modulating megakaryocytes and platelet gene expression.

Immature platelet fraction is an excellent proxy for reticulated 
(younger) platelets. Immature platelets are larger, contain a higher 
amount of RNA, and can produce various proteins typical for platelet 
activation (e.g., GPIIb/IIIa, P- selectin).36 Reticulated or newly formed 
platelets have a distinct prothrombotic transcriptomic profile.25 To 
understand if platelets isolated from patients with COVID- 19 had 
a transcriptomic profile characteristic of immature prothrombotic 
platelets, we compared our RNAseq results to a publically available 
dataset comparing immature (reticulated) versus mature platelets.25 
We found a significant overlap between transcripts differentially ex-
pressed between reticulated versus mature platelets and platelets 
from COVID- 19 versus controls (Figure 6D, R = 0.38, P = 3.7 × 10−10, 
Table S8 in supporting information). Overall, 211/256 transcripts 
were differentially expressed in the same direction, of which 167 
were increased and 44 decreased. Not surprisingly, we find a stron-
ger association between the transcriptome of COVID- 19 patients 
who died versus controls and between reticulated versus mature 
platelets (Figure 6E, R = 0.44, P = 1.9 × 10−12, Table S9 in supporting 
information), suggesting that COVID- 19 patients who died have a 
more prothrombotic platelet profile.

4  |  DISCUSSION

Platelets are increasingly recognized as key mediators of inflam-
mation and immune dysfunction.21,37 Patients with COVID- 19 are 
at heightened risk of critical illness and all- cause mortality sec-
ondary to a heightened inflammatory state and altered immune 
phenotype.38– 40 Thus, it is not surprising that platelets contribute to 
the pathophysiology of COVID- 19 and play a significant role in the 
development of COVID- 19- - associated complications. We report 
that SARS- CoV- 2 infects bone marrow megakaryocytes and show 
for the first time that virions are present in circulating platelets. 

Additionally, we provide evidence that SARS- CoV- 2 induces tran-
scriptomic changes to megakaryocytes, which are unique relative to 
CoV- OC43, a coronavirus responsible for the common cold.31 In a 
large cohort of hospitalized COVID- 19 patients, we find that mark-
ers of platelet activity (platelet size and platelet maturity) are sig-
nificantly associated with both critical illness and all- cause mortality, 
even after adjusting for demographics, comorbidities, medication, 
and clinical laboratory values, including biomarkers of inflammation 
and thrombosis (e.g., D- dimer, CRP).

Consistent with previous data, we found increased platelet ac-
tivity in patients infected with SARS- CoV- 2.6,41– 43 Exploration of 
the platelet transcriptome revealed a significant difference between 
platelets isolated from COVID- 19 patients relative to controls, char-
acterized by enrichment in metabolic pathways, including oxidative 
phosphorylation and glycolysis and an immature platelet phenotype 
(Figure 7). Differentially expressed platelet pathways identified by 
GSEA between patients with versus without COVID- 19 correlate 
with platelet aggregation suggesting these pathways identify an ac-
tivated platelet phenotype. These data indicate key differences in 
the platelet activity profiles of those with and without COVID- 19, 
despite a degree of activity heterogeneity within the COVID- 19 
population, and suggest that activation mechanisms may contribute 
to adverse events. While our current study cannot distinguish be-
tween the direct effects of virus- - megakaryocyte/platelet interac-
tions versus systemic inflammation in COVID- 19, herein, we present 
data highlighting that the direct infection of megakaryocytes with 
SARS- CoV- 2 uniquely alters the transcriptome providing evidence 
that SARS- CoV- 2 is a contributor to the altered platelet phenotype 
observed in the setting of COVID- 19. Results from our study war-
rant further investigation into the mechanistic and pathogenic role 
of platelets in COVID- 19 and highlight the potential beneficial role of 
anti- platelet therapy in hospitalized COVID- 19 patients.

Autopsy data demonstrate extensive micro-  and macro- platelet 
thrombi in multiple tissues.1,2 We previously reported that both 
arterial and venous thrombosis was significantly associated with 
all- cause mortality even after adjustment for demographics and 
clinical risk factors.4 While endothelial cells,44 monocyte/macro-
phages,45 neutrophils,46 and T cells47 are hypothesized to play a role 
in COVID- 19, the role of platelets is largely understudied. In addition 
to their primary role in thrombosis, platelets mediate key aspects of 
inflammatory and immune processes,21,37 including effects on endo-
thelial cell activation,19,48 macrophage polarization,21 and neutrophil 
extracellular trap formation.

Within a large cohort of patients admitted to a large health 
system in New York City, we find MPV and IPF are significantly 
associated with adverse outcomes in hospitalized patients with 
COVID- 19. Importantly, even following the exclusion of patients 
with thrombocytopenia, a potential driver of platelet size and 
maturity, this association remains robust. Reticulated (younger/
immature) platelets and larger platelets are more metabolically 
active and have increased thrombotic potential.14 Both MPV and 
IPF have been found to be associated with increased morbidity 
and all- cause mortality11– 13,15– 18,49 and can be used as markers of 
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platelet activation and increased risk of thrombosis.50,51 In addi-
tion to potentially providing clinicians with a biomarker for risk 
stratification of COVID- 19 patients, the association between 
platelet indices and adverse outcomes provides a rationale for 

the use of platelet- directed therapies in COVID- 19.52– 55 Currently, 
clinical trials are under way to investigate the clinical effect of 
aspirin (NCT04381936, NCT02735707) and P2Y12 inhibitors 
(NCT04505774) in hospitalized COVID- 19 patients.
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Numerous platelet activation pathways initiate and sustain 
thrombosis formation.56,57 Previously we have reported that circu-
lating biomarkers of platelet activity are associated with thrombosis 
and mortality in patients with COVID- 19.5 Consistent with an acti-
vated platelet phenotype, we now report that platelets isolated from 
COVID- 19 subjects aggregate more readily to various agonists, in-
cluding ADP, epinephrine, and collagen. These findings complement 
a previous study that also reports increased platelet aggregation 
in response to agonists and increased adhesion and spreading of 
platelets on fibrinogen and collagen in COVID- 19 patients.6,42 Our 
RNA- seq data also provide evidence for metabolically more active 
platelets in COVID- 19 patients, as noted by enrichment in path-
way oxidative phosphorylation and glycolysis, metabolic processes 
previously linked to a hyperactive platelet phenotype and throm-
bosis.58 This is further confirmed by the enrichment of genes re-
lated to platelet degranulation in platelets from COVID- 19 patients. 
Consistent with a previous report, we find a high degree of over-
lap between differentially expressed transcripts in our COVID- 19 
platelet transcriptome compared to that found by the Utah group 
(R = 0.86, P < 2.2 × 10−16).6

In the setting of viral infections, platelets can internalize viral 
particles, including influenza, HIV, hepatitis C virus, and dengue, 
resulting in platelet activation.27 Our study is the first to demon-
strate SARS- CoV- 2 in a human megakaryoblastic cell line after 
incubation in vitro, and by transmission electron microscopy that 
SARS- CoV- 2 viral particles are found in circulating platelets of 
COVID- 19 positive patients. Given recent studies confirming that 
the lung is a critical site of thrombopoiesis59 and that lung mega-
karyocytes are key immune modulatory cells,60 it is likely that 
megakaryocytes and platelets present in the lung at the time of 
infection are immediate SARS- CoV- 2 targets. Given that the viral 
load of SARS- CoV- 2 peaks around symptom onset or a few days 
thereafter, we hypothesize megakaryocytes and circulating plate-
lets are early SARS- CoV- 2 targets;61,62 however, this remains to 
be rigorously investigated. Our studies investigating SARS- CoV- 2, 
and a coronavirus responsible for the common cold CoV- OC43, 
indicate that megakaryocytes actively take up SARS- CoV- 2, and 
this interaction induces changes to the megakaryocyte transcrip-
tome, a phenomenon that does not occur with CoV- OC43; thus, 
while our study cannot delineate between the impact of viral- 
megakaryocyte interactions versus systemic inflammation, these 
results indicate that SARS- CoV- 2– megakaryocyte interactions 
play a role in altering the transcriptome, and subsequently platelet 

phenotype and function. The origin of the transcriptomic differ-
ences mediated by SARS- CoV- 2 to megakaryocytes and platelets 
relative to CoV- OC43 requires further investigation.

We find SARS- CoV- 2 viral particles in platelets, despite find-
ing no mRNA expression of the documented SARS- CoV- 2 receptor 
ACE2 and a serine protease for Spike protein priming, TMPRSS2, 
consistent with previous platelet sequencing studies.6,20,63 
However, despite no evidence of mRNA expression, a recent study 
found that human platelets have ACE2 and TMPRSS2 protein and 
can internalize SARS- CoV- 2 in vitro.43 Our profiling of platelets 
and megakaryocytes for a potential entry receptor identifies 
CD147 as a likely candidate. We find it highly expressed at the 
mRNA level and on the surface of megakaryocytes; furthermore, it 
has been proposed to be a novel entry receptor for SARS- CoV- 2.64 
Consistent with a SARS- CoV- 2- - mediated activated platelet phe-
notype, ex vivo SARS- CoV- 2 enhances platelet activation as doc-
umented by increased PAC- 1 binding, CD62P expression, alpha 
granule secretion, and dense granule release. Mice transfused 
with hACE2 transgenic platelets have enhanced thrombosis for-
mation, further suggesting the prothrombotic potential of plate-
lets infected with SARS- CoV- 2.43

Further evidence for a hyperreactive platelet phenotype is 
SARS- CoV- 2 is our analysis of the COVID- 19 platelet transcriptome 
relative to the transcriptome analysis of reticulated platelets.25 
Comparative transcriptome analysis of young reticulated platelets 
(RPs) relative to mature platelets found significant enrichment of 
prothrombotic genes in RPs, providing a biological rationale for 
the hyperreactive phenotype of RPs. The high degree of associa-
tion between transcripts differentially regulated in COVID- 19 ver-
sus controls, compared to RPs versus mature platelets (R = 0.38, 
P = 3.7 × 10−10) provides evidence for a younger, prothrombotic 
platelet phenotype in those with COVID- 19. Further interrogation 
of the RNA- seq data and validation of target genes or pathways 
may lead to the identification of mechanisms that contribute to 
SARS- CoV- 2- - mediated platelet size, maturity, hyperreactivity, and 
the increased thrombotic risk in this population. Furthermore, the 
association between platelet reactivity and additional emerging 
risk factors that promote the development of adverse events and 
death, including sex, race, BMI, and how these may amplify platelet 
hyperreactivity to exacerbate the incidence of thrombotic events 
remains to be established.

Collectively, our findings highlight the importance of platelet indi-
ces at initial hospital presentation to aid as a surrogate biomarker for 

F I G U R E  5  Platelets from COVID- 19 patients have a unique transcriptome. A) Principal component analysis from top varied genes, (B) 
heat map of significantly differentially expressed platelet transcripts (adjusted P- value <.05, |log2fc| >1) from COVID- 19 patients and control 
donors. Red indicates increased relative expression, and blue indicates decreased relative expression, and (C) volcano plot (red dots: adjusted 
P- value <.05, dark red: log2fc >1; blue dots: adjusted P- value <.05, dark blue < −1) (D) LGALS3BP, and S100A9 mRNA expression in Meg- 
01 cells treated with either media control, SARS- CoV- 2, or CoV- OC43 for 24 h. SARS- CoV- 2 incubations performed at 37°C, CoV- OC43 
incubations performed at 33°C. E, Gene set enrichment analysis of Hallmark pathways, displayed pathways represent those with an adjusted 
P < .05. F, Weighted correlation network analysis (WGCNA), boxplots of eigengene values representing relative coexpression of gene sets on 
a per sample basis. G, Heatmap of correlation metrics for eigengene values versus percentage aggregation to ADP (1 uM), epinephrine (0.1 
uM), and collagen (0.2 uM) on a per patient basis. Data are expressed as mean ± standard error of the mean, *P < .05, **P < .01
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subsequent critical illness and death. Assessment of platelet size and 
maturity may aid in the risk stratification of hospitalized COVID- 19 
patients and guide therapeutic options and clinical management. 
Furthermore, our results suggest multiple platelet activation mech-
anisms likely contribute to adverse events and warrant further 

investigation into the mechanistic role of platelets in COVID- 19 
pathogenesis and highlight the potential role of anti- platelet therapy. 
However, whether a more aggressive antithrombotic strategy with 
platelet- directed therapies in these patients would alter the critical 
illness course is unknown and under investigation.
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